Abstract: Southern root-knot nematode (RKN, Meloidogyne incognita) is a serious pest of cultivated watermelon (Citrullus lanatus var. lanatus) in southern regions of the United States and no resistance is known to exist in commercial watermelon cultivars. Wild watermelon relatives (Citrullus lanatus var. citroides) have been shown in greenhouse studies to possess varying degrees of resistance to RKN species. Experiments were conducted over 2 yr to assess resistance of southern RKN in C. lanatus var. citroides accessions from the U.S. Watermelon Plant Introduction Collection in an artificially infested field site at the U.S. Vegetable Laboratory in Charleston, SC. In the first study (2006), 19 accessions of C. lanatus var. citroides were compared with reference entries of Citrullus colocynthis and C. lanatus var. lanatus. Of the wild watermelon accessions, two entries exhibited significantly less galling than all other entries. Five of the best performing C. lanatus var. citroides accessions were evaluated with and without nematicide at the same field site in 2007. Citrullus lanatus var. citroides accessions performed better than C. lanatus var. lanatus and C. colocynthis. Overall, most entries of C. lanatus var. citroides performed similarly with and without nematicide treatment in regard to root galling, visible egg masses, vine vigor, and root mass. In both years of field evaluations, most C. lanatus var. citroides accessions showed lesser degrees of nematode reproduction and higher vigor and root mass than C. colocynthis and C. lanatus var. lanatus. The results of these two field evaluations suggest that wild watermelon populations may be useful sources of resistance to southern RKN.
The southern RKN (M. incognita (Kofoid and White) Chitwood) is a serious pest of watermelon (C. lanatus var. lanatus) in the southern United States and worldwide (Thomason and McKinney, 1959; Winstead and Riggs, 1959; Sumner and Johnson, 1973; Thies, 1996; Davis, 2007; Thies et al., 2010) . Preplant fumigation of soil beds with methyl bromide has been the primary method for controlling RKN in watermelon for decades; however, use of methyl bromide as a soil fumigant is being phased out (U.S. Environmental Protection Agency, 2012). Prior to its phaseout, approximately 6% of methyl bromide applied for preplant soil fumigation in vegetable crops worldwide was used for watermelon and melon (Cucumis melo L.) (USDA, 1993) . For example, 'Cooperstown' seedless watermelon grown in M. incognita-infested soils in Georgia produced significantly greater fruit yields when grown in methyl bromide-treated soil beds compared to that grown in nontreated soil beds (Davis, 2007) . Although other soil fumigants including 1,3-D dimethyl disulfide and chloropicrin are available for RKN management, these fumigants are expensive, more difficult to apply than methyl bromide, and present worker safety concerns (Morris et al., 2015) . The phaseout of methyl bromide, and high costs and application difficulties associated with other fumigant nematicides, has resulted in increased interest in the development of resistant varieties as a tool for managing RKN in watermelon in the United States and globally.
No cultivated watermelons are known to be resistant to RKN. Winstead and Riggs (1959) evaluated 78 watermelon cultivars and 5 breeding lines for reaction to RKN and found all genotypes were susceptible. In Puerto Rico, 10 watermelon cultivars were evaluated against M. incognita and all cultivars were susceptible (Montalvo and Esnard, 1994) . Thies and Levi (2003, 2007) developed and evaluated a core collection of Citrullus spp. from the U.S. Plant Introduction Watermelon Collection for response to M. incognita and Meloidogyne arenaria races 1 and 2 in greenhouse tests. They identified several accessions of Citrullus lanatus (Thunb.) Matsum. & Nakai var. citroides (L. H. Bailey) Mansf. that were moderately resistant to M. incognita and M. arenaria races 1 and 2. Germplasm lines derived from some of these C. lanatus var. citroides accessions have performed well as rootstocks for grafted watermelon (Thies et al., 2010 (Thies et al., , 2015a (Thies et al., , 2015b . The objectives of the studies reported in this paper were (i) to evaluate the potential contribution of moderately resistant watermelon accessions to suppression of RKN and associated damage in fields infested with M. incognita and (ii) to compare selected watermelon accessions in nematicide-treated and nontreated soils to determine the effectiveness of host resistance for managing M. incognita. Table 1) . The reproductive indices ranged from ,1.0 to 5.5 for the C. lanatus var. citroides accessions, 5.4 for 'Charleston Gray' (C. lanatus var. lanatus), and 8.45 for the C. colocynthis accessions (Thies and Levi, 2007) . In prior studies, C. colocynthis and the cultivars Charleston Gray, Crimson Sweet, and Dixie Lee were determined to be susceptible to M. incognita race 3 (Thies and Levi, 2003) . Ojakkyo is a Citrullus spp. cultivar, which is used as a rootstock for watermelon (Zhang, 2008) . Approximately 10 wk after planting, shoots of all plants were clipped and roots were lifted from soil and washed. Root systems of each plant were stained using the method of Thies et al. (2002) and evaluated for severity of galling, egg mass production, and root system fibrosity. Percentages of root system galled or covered in egg masses were recorded for each plant. Fibrous root ratings and root vigor ratings were assigned on a 1 to 5 qualitative scale (1 = best, 5 = poorest). Root systems from each plot were bulked, weighed, cut into 1-to 2-cm pieces, and eggs were extracted with 1.0% NaOCl (Hussey and Barker, 1973) . Eggs were counted using a stereomicroscope. Galling and egg mass percentages were arcsine transformed and eggs per gram fresh root were log 10 (x + 1) transformed for analysis of variance to normalize data. Analysis of variance was conducted using the GLM procedure of SAS v.9.1 for Windows (SAS Institute Inc., Cary, NC) and means were separated using Fisher's protected least significant difference (LSD) at P # 0.05. Citrullus genotype 26 *** *** *** *** *** a Data were arcsine transformed before analysis. Nontransformed data are shown in table. b Amount of fibrous roots rated using a 1 to 5 scale where 1 = root system very fibrous and 5 = no fibrous roots. c Root vigor rated using a 1 to 5 scale where 1 = best and 5 = poorest. d Data were log 10 (x+1) transformed before analysis. Nontransformed data are shown in table. e Means within a column followed by the same letter are not significantly different (P , 0.05) according to Fisher's protected least significant difference. *** Significant at the 0.001 probability level.
MATERIALS AND METHODS
site. Despite the high degree of root galling, two genotypes (PI 244018 and PI 482559) had significantly less galling (P , 0.05) than the other entries evaluated. Plant genotype affected the percentage of root system covered with egg masses and PI 244018 had significantly lower (P , 0.05) egg mass production than all genotypes except 'Charleston Gray' (Table 2) . Fibrous root scores ranged from 2.9 to 5.0 and several of the C. lanatus var. citroides accessions had lower (P # 0.05) fibrous root scores (i.e., more fibrous roots) than the susceptible reference genotypes. Several C. lanatus var. citroides accessions had more vigorous (P # 0.05) root systems than the susceptible genotypes as evidenced by the root vigor scores. Despite the severity of the nematode pressure at the field site, plant death over the duration of the study was not significant. b Amount of fibrous roots rated using a 1 to 5 scale where 1 = root system very fibrous and 5 = no fibrous roots. c Vine vigor rated using a 1 to 5 scale where 1 = best and 5 = poorest. d Data were log 10 (x+1) transformed before analysis. Nontransformed data are shown in table. e Means within a column followed by the same letter are not significantly different (P , 0.05) according to Fisher's protected least significant difference. f Analysis of variance for fruit mass was conducted as paired t-tests for each genotype, therefore only significance level of nematicide treatment effects are reported. *** Significant at the 0.001 probability level. ** Significant at the 0.01 probability level. * Significant at the 0.05 probability level. NS = not significant. 386024) all exhibited susceptible reactions. Root galling percentages ranged from 1.3% to 84.8% for both the treated and untreated plots with all five of the C. lanatus var. citroides acessions (PI 189225, PI 244017, PI 244018, PI 482259, and PI 482324) performing equivalently with and without nematicide treatment. Egg mass percentages were the highest for the two C. colocynthis entries and 'Charleston Gray' in the untreated plots, as expected, with no other treatment by genotype differences. Fibrous root scores ranged from 1.74 to 4.02 with PI 244017, PI 244018, PI 482259, and PI 482324 performing equally well with or without nematicide treatment. PI 244017, PI 244018, PI 482259, and PI 482324 performed better than the susceptible check 'Charleston Gray', regardless of nematicide treatment for above ground vigor scores. Numbers of M. incognita eggs per gram of root tissue were highest in the susceptible check genotypes in the untreated plots, however, the only significant pair-wise differences between nematicide and untreated in the check were observed in 'Charleston Gray' and 'Crimson Sweet'. All five C. lanatus var. citroides accessions showed no significant difference in numbers of eggs per gram fresh root between nematicide treatment and the control plots, and performed generally better than the susceptible check entries.
DISCUSSION
The present studies are the first to evaluate wild watermelon (Citrullus sp.) for response to RKN in field studies. In these studies, 23 different PI accessions representing Citrullus lanatus var. citroides, C. lanatus var. lanatus, and C. colocynthis, originating from eight different countries, were evaluated in a field infested with M. incognita, and several of the C. lanatus var. citroides accessions evaluated exhibited resistance to that nematode. There are no prior reports in the literature of the response of wild watermelon genotypes to M. incognita in field experiments, other than studies with grafted watermelon. However, none of the grafting studies included the response of nongrafted wild watermelon to RKN. Additionally, in the present study, we demonstrated that the resistant C. lanatus var. citroides accessions performed similarly when grown with and without nematicide treatment.
Analyses of the 2006 data suggest differential responses to southern RKN infestation exist in wild watermelon genotypes. Although root galling was severe in all entries included in this study, it was still possible to determine differences in resistance to southern RKN in C. lanatus var. citroides genotypes. Other resistance characteristics such as fibrous root scores, vigor scores, and low recovery of eggs from root tissue also indicate that several of the wild watermelon accessions evaluated exhibited resistance relative to the susceptible C. colocynthis accessions and reference watermelon cultivars. Results of the 2007 field studies demonstrated that several of the C. lanatus var. citroides accessions evaluated in 2006 performed equally well with and without nematicide treatments with regard to RKN resistance traits evaluated. Based on the results of these studies, PI 189225, PI 244018, PI 482559, and PI 482324 are considered resistant and PI 244017 is moderately resistant.
As further restrictions are enacted to reduce nematicide use, identification of potential sources of host resistance to RKN becomes of greater importance for the development of resistant watermelon cultivars. To date, there has been no progress in the introgression of RKN resistance traits into commercially acceptable watermelon, yet these studies indicate progress may be possible using wild watermelon relatives in directed breeding approaches. In most cases, crosses between cultivated watermelon and C. lanatus var. citroides readily produce fruit with viable seeds. We have developed several populations resulting from crosses of C. lanatus var. citroides 3 cultivated watermelon (Citrullus lanatus var. lanatus) for use in the study of mode of inheritance of resistance to RKN (unpublished data). Additionally, grafting commercial watermelon cultivars onto resistant rootstocks has proved a successful approach in combating fungal and viral diseases where no resistance is known (Oda, 2002; Miguel et al., 2004; Cohen et al., 2007) and has become a widely accepted practice in Asia and in the Mediterranean region, including Israel and Turkey (Yetisir et al., 2007) . Selected germplasm lines of C. lanatus var. lanatus have been tested as rootstocks for grafted watermelon and found to be useful for managing M. incognita in grafted watermelon (Thies et al., 2010; Thies et al., 2015a Thies et al., , 2015b . Grafting the seedless watermelon scion 'Tri-X 313' on the RKNresistant rootstock RKVL 318 derived from PI 482324 resulted in significantly higher watermelon fruit yields compared to 'Tri-X 313' grafted on the commonly used RKN-susceptible commercial cucurbit rootstocks, 'Strong Tosa' interspecific squash hybrid (Cucurbita maxima 3 Cucurbita moschata) and 'Emphasis' bottle gourd (Lagenaria siceraria) when grown in M. incognita-infested fields (Thies et al., 2015c) . Although high labor costs associated with grafting and maintenance of newly grafted seedlings have made grafting impractical in the United States, the loss of methyl bromide from the market, and reductions in farm land acreages have made grafting a potentially useful practice in cucurbit culture, especially in areas where losses due to soil-borne pathogens such as Fusarium oxysporum and RKN occur. Citrullus lanatus var. citroides germplasm lines have proved useful as resistant rootstocks in minimizing RKN damage, but are not yet used by the watermelon industry (Thies et al., 2015a (Thies et al., , 2015c . Further studies need to be undertaken to assess the plausibility of wild watermelons as suitable rootstock materials for commercial watermelon production and in mitigating the effects of RKN in production scenarios.
